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Although the relation between tonality and musical memory has been fairly well-studied,
less is known regarding the contribution of tonal-schematic expectancies to this relation.
Three experiments investigated the influence of tonal expectancies on memory for single
tones in a tonal melodic context. In the first experiment, listener responses indicated
superior recognition of both expected and unexpected targets in a major tonal context
than for moderately expected targets. Importantly, and in support of previous work on
false memories, listener responses also revealed a higher false alarm rate for expected
than unexpected targets. These results indicate roles for tonal schematic congruency as
well as distinctiveness in memory for melodic tones. The second experiment utilized
minor melodies, which weakened tonal expectancies since the minor tonality can be
represented in three forms simultaneously. Finally, tonal expectancies were abolished
entirely in the third experiment through the use of atonal melodies. Accordingly, the
expectancy-based results observed in the first experiment were disrupted in the second
experiment, and disappeared in the third experiment. These results are discussed in light
of schema theory, musical expectancy, and classic memory work on the availability and
distinctiveness heuristics.
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INTRODUCTION
The study of expectancy, simply defined as “the anticipation of
upcoming information based on past and current information”
(Schmuckler, 1997) has a long history in cognitive psychology.
For instance, Mowrer (1938) discovered that he could evoke anx-
iety in animals using the presentation of aversive stimuli, and
introduced the term “preparatory set” to describe the state of anx-
ious expectancy evoked in his animal subjects as a result of these
stimuli. Later, Neisser (1976), studying human perception, was
inspired by Piaget (Piaget andWalsh, 1971) and Bartlett (1932) to
develop a theory of action-oriented perception, central to which
was the idea of the anticipatory schema. Neisser defined antici-
patory schemata as mental structures that prepared individuals
for action as well as readying them for certain kinds of sensory
input. From this perspective, schemata drive expectancies, and in
some ways, “schema” and “expectancy” can be considered two
approaches to describing the same cognitive process, with that
process using the schematic structure to produce an expectation
for an event. Expectancy has been studied in numerous contexts,
including perceptual processing (e.g., Brown and Hildum, 1956;
Dykes and Pascal, 1981), attention (e.g., Posner, 1980; Downing,
1988), linguistic processing (e.g., Fodor et al., 1974; Mills, 1980;
McClelland and O’Regan, 1981; Anderson and Pearson, 1984),
and the cognition of narratives (e.g., Bartlett, 1932; Mandler and
Johnson, 1977; Bransford, 1979).
One area within which expectancy has been a particular focus
of research for the last two decades is music cognition. In fact,
music is in many ways an ideal medium with which to study
expectancy. Music, especially Western tonal-harmonic music, is
based on a well-defined structure that has been thoroughly stud-
ied and described by theorists (e.g., Schenker, 1954; Laitz, 2008).
This music theoretic work is important to the scientific study
of expectancy in multiple ways. First, theoretical descriptions of
musical structure (or schemata) and function can inform our
investigations into the psychological processing of expectancy.
For example, the theoretical notion that pitch is organized into
different hierarchical levels has been productively studied in psy-
chological contexts (see Krumhansl, 1990 for a review). Second,
musical structure allows for a large range of complexity. Musical
pieces can vary in both pitch and in time. Both these dimen-
sions can be manipulated in terms of texture, from simple (e.g.,
melodies or isochronous rhythms) to complex (chord progres-
sions or intricate meters), and combined in myriad interactions.
Music thus provides ideal material for strictly controlled inter-
nally valid experimentation as well as more generalizable, exter-
nally valid study. Finally, music, like all auditory stimuli, unfolds
over time. Thus, the ability to predict what comes next in a
musical piece is fundamental to its perception. For these reasons,
the study of expectancy in music has been a fruitful avenue of
research that encapsulates various theoretical andmethodological
approaches.
Work on musical expectancy has been plentiful for a number
of years, on both a theoretical and experimental basis. Theoretical
approaches to musical expectancy have taken a variety of forms
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(Meyer, 1956; Lerdahl and Jackendoff, 1983; Narmour, 1989,
1990, 1992; Huron, 2006). By and large this work has been
devoted to understanding the formation of musical expectancy,
from a music theoretic point of view, along with the impact of
expectancy formation on listeners’ subsequent identification of
structural relations, musical meaning, or musical emotion.
Empirical work has been similarly prolific over this time
period (Carlsen et al., 1970; Carlsen, 1981, 1982; Jones,
1981, 1982; Bharucha and Stoeckig, 1986, 1987; Boltz, 1989,
1993; Schmuckler, 1989, 1990; Jones, 1990; Bharucha, 1994;
Krumhansl, 1995; Schellenberg, 1996, 1997; Tekman and
Bharucha, 1998; Tillmann et al., 1998, 2000, 2003; Larson, 2002,
2004; Bigand et al., 2003; Margulis, 2005; Ockelford, 2006; Pearce
and Wiggins, 2006, 2012; Marmel et al., 2008, 2010; Marmel
and Tillmann, 2009; Thorpe et al., 2011; Ockelford and Sargeant,
2012). This work has also explored multiple aspects of musical
expectancy, and has similarly highlighted the factors underlying
expectancy formation, along with the impact of expectancy for-
mation for on-going musical processing and subsequent musical
memory. Schmuckler, for instance, identified the operation of
high-level, structural factors in driving expectations, as well as the
operation of relatively low-level, bottom-up perceptual processes
(Schmuckler, 1989, 1990). In terms of the former influence, the
principal factor involved the role played by the musical tonality
(described subsequently) of the excerpt in question whereas the
latter influence centered around the operation of basic Gestalt-
like pattern processes (Meyer, 1956; Narmour, 1989, 1990, 1992).
Briefly described, tonality refers to the system of relations
between musical elements (e.g., musical tones, chords, and keys)
in the Western musical system. These elements are organized into
a hierarchy structured around a central reference pitch, such that
every pitch class (numbered 0–11, these tones comprise the com-
plete set of notes used in Western music) has a well-defined level
of theoretical and perceived psychological stability with respect
to this reference pitch (Schmuckler, 2004, 2009). Within Western
music two forms of tonality are typically used—“major” tonality
and “minor” tonality. Although these two different forms are both
organized hierarchically, they differ in terms of which tones fall at
which levels of the hierarchy. Table 1 presents the tonal hierarchy
structure for both a major and a minor tonality.
Classic work by Krumhansl et al. (Krumhansl, 1979, 1990,
2000; Krumhansl and Shepard, 1979; Krumhansl and Kessler,
Table 1 | Tonal hierarchies for major and minor keys.
Tonal hierarchy level Pitch class
MAJOR
Tonic 0
Tonic triad members 4 7
Diatonic tones 2 5 9 11
Non-diatonic tones 1 3 6 8 10
MINOR (HARMONIC)
Tonic 0
Tonic triad members 3 7
Diatonic tones 2 5 8 11
Non-diatonic tones 1 4 6 9 10
1982; Cuddy and Badertscher, 1987; Halpern et al., 1996) has
demonstrated the psychological existence of this hierarchy. For
instance, Krumhansl and Kessler (1982) presented listeners with
a tonality defining context, followed by a single “probe” tone,
and asked listeners to judge how well the probe belonged with
the preceding context. These authors found that listeners’ belong-
ingness judgments mirrored the theoretical hierarchy of tonal
stability as commonly assumed by music theorists. Accordingly,
this work confirms that listeners have robust mental represen-
tations of tonality that guide their perception of music, and as
such, also influence the nature of the expectancies formed when
listening to music.
Tonality has been found to influence expectancy processes
involving both the on-line processing of musical information,
as well as subsequent memory for musical materials. In terms
of the former research focus, the most thoroughly investigated
aspect has to do with expectancy priming effects. In the origi-
nal exploration of this topic, Bharucha and Stoeckig (1986, 1987)
presented listeners with a prime chord followed shortly there-
after by a target chord, and asked them to make some judgment
regarding this target chord (i.e., whether the chord was in-tune vs.
out-of-tune, or in major vs. minor form). The primary manip-
ulation employed in these studies involved the tonal relation
between the prime and target; in some cases the prime and target
were closely related tonally whereas in other cases the prime and
target were tonally unrelated. These authors observed substan-
tial priming effects, with targets that were related to the primes
processed more quickly and accurately than targets that were
unrelated to their primes. This tonal priming effect has been
both replicated and expanded upon by Bharucha et al. (Bharucha
and Stoeckig, 1986, 1987; Tekman and Bharucha, 1998; Tillmann
et al., 1998, 2000, 2003; Bigand et al., 2003; Marmel et al., 2008,
2010; Marmel and Tillmann, 2009). Generally, this research has
demonstrated that when listening to complex musical passages,
listeners develop expectations about what is to come next based
on the tonality of the music, with these expectations significantly
influencing the speed and accuracy with which listeners process
such information.
In terms of the latter research focus, some scholars have
directly linked memory to expectancy, arguing that the abiding
purpose of memory is actually to generate predictions based on
past experience (e.g., Hawkins and Blakeslee, 2007; Jones and
Pashler, 2007). Somewhat surprisingly, there are only a handful
of studies examining the relation between tonality, expectancy,
and musical memory, although there has been a great deal of
work examining the impact of tonality on memory more gen-
erally (Dowling, 1978; Cuddy et al., 1979, 1981; Bartlett and
Dowling, 1980; Cuddy and Lyons, 1981; Dowling and Bartlett,
1981; DeWitt and Crowder, 1986; Dowling et al., 1995; Halpern
et al., 1995, 1998; Schulze et al., 2012; Albouy et al., 2013; see
Halpern and Bartlett, 2010, for a review). Overall, this work
has demonstrated that tonal structure, relative to atonal struc-
ture (i.e., an absence of tonality), produces better memory for
musical materials. Cuddy and Lyons (1981), for instance, found
that memory for a standard melody was best for melodies that
were highly tonal, compared with melodies that were of a more
ambiguous tonality. Interestingly, effects of tonality on musical
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memory have also been found for amusics (Albouy et al., 2013),
although the impact in this case has been more in terms of
response time to answer in the memory task, as opposed to the
memory task itself. Regardless, all of this work demonstrates a
recurring relation between memory for melodies and musical
tonality.
Other work has looked at the impact of tonality onmemory for
individual tones. For instance, Krumhansl (1979) investigated the
effect of tonality on memory for single pitches by presenting lis-
teners with a standard tone, followed by an intervening sequence
of pitches, and then a final comparison tone. The primary manip-
ulation in this study involved the intervening sequence, with these
pitches either conforming or not conforming to a musical tonal-
ity. Krumhansl found that tones that ranked highly within the
tonality were better remembered than tones that ranked lowly
within the tonality, particularly when the intervening sequence
was tonal.
As already discussed, there have not been many investiga-
tions directly examining the impact of expectancy formation on
musical memory, although there are at least two experimental
projects that have explored this issue. Schmuckler (1997) asked
listeners to provide expectancy ratings to a range of melodic end-
ings, and found that melodies with expected endings were better
remembered than those with unexpected endings. Interestingly,
this work found no effect of tonality onmemory for the melodies,
but the stimuli of this study were all tonal and thus variation in
tonality between melodies were restricted in range. More recently,
Curtis and Bharucha (2009) investigated this question within
the context of examining how the processing of musical excerpts
from one’s own culture differs from that of an unfamiliar culture
(i.e., exercising a different musical structure and organization).
These authors employed a recognition memory paradigm orig-
inally used by Deese (1959) and more recently reintroduced by
Roediger and McDermott (1995), in whichWestern-enculturated
listeners heard a series of tones drawn either from the Western
tonal system, or the Indian Bhairav scale, followed by a test tone,
and were asked to make a speeded judgment about whether or
not that test tone was included in the earlier sequence. Listeners
were more likely to falsely remember context-congruent than
context-incongruent tones in the Western stimuli, with this pat-
tern reversed for the Bhairav stimuli. Because an incongruent note
in the Bhairav context was a congruent one in the Western con-
text, this reversal demonstrates that listeners interpreted the tone
series derived from both familiar and unfamiliar pitch structures
through the lens of the Western tonal schema. Accordingly, this
work implicates the role of expectancy generation on listeners’
memory.
Interestingly, the approach adopted by Curtis and Bharucha
(2009) provides some important methodological advantages over
the technique used by Schmuckler (1997). First, simplifying the
structure of the target event to a single tone, as opposed to a set
of tones (e.g., a melodic ending) allows improved control over
the nature of this target, and thus more exact assessment of the
nature of listeners’ expectancies on musical memory. Moreover,
this technique enables a more direct assessment of the relation
of the target to the context material (e.g., how often does the
target or cues to the target occur in the context, if at all?). An
important consequence of this increased control is that multi-
ple levels of expectancy (rather than the dichotomous expected
vs. unexpected) can be tested, thus providing a finer-grained
understanding of the relation between expectancy and memory
in music. Given these advantages, the current studies adopted
the methodology of Curtis and Bharucha (2009) to explore the
relation between expectancy formation and subsequent musical
memory.
What are the possible ways in which expectancy, and more
specifically expectancies based on musical tonality, might influ-
ence subsequent musical memory? In considering the possible
relations between these two domains, Schmuckler (1997) pro-
posed two different means by which tonal expectancies might
influence memory. The first, or “congruency” account, is based
on schema theory (Neisser, 1976; Bharucha, 1994) which posits
that one is better prepared to process events that are congruous
with one’s schema, as opposed to events that are incongruous with
the schema. An early form of this idea was developed in Bartlett’s
(1932) classic naturalistic studies of memory using the native
American folk story, “The War of the Ghosts.” During retelling,
participants tended to distort the details of the story, such that
the reproduction was made more similar to a story schema with
which participants were familiar, with details that were congruent
with this schema added, and details that were incongruent omit-
ted or transformed to be more congruent. Thus, memory was not
a faithful storing of past events, but rather a reconstructive pro-
cess dependent upon schematic expectancies based on previous
experience.
Further evidence of the reconstruction inherent in mem-
ory comes from the extensive literature on false memory (see
Brainerd and Reyna, 2005 for a review). The field of false mem-
ory research comprises a broad range of subject areas and dis-
parate methodological approaches, from clinical psychiatry, to
behavioral psychology, to cognitive neuroscience. However, a
common thread across these streams of research is the con-
cept of schematic processing influencing the creation of false
memories. For instance, Deese (1959) discovered that given a
list of words to memorize, participants often recalled words
that were not on the list. Importantly, the likelihood of any
word being falsely recalled depended on its schematic associ-
ation to words that had appeared on the list. Picking up on
this thread, Roediger and McDermott (1995) showed that false
memories could be deliberately induced by asking participants
to study word lists created according to a particular theme.
During the test phase, participants demonstrate higher false
alarms for lures that corresponded to that theme than those that
do not. These false memories are resistant to explicit warnings
and immediate testing (McDermott and Roediger, 1998), and
have been attributed to associative processing, by which activa-
tion spreads among related concepts (Roediger et al., 2001a).
Turning to the field of eyewitness memory, Loftus’ pioneer-
ing work has found that post-experience suggestion can cause
participants to misremember events if they are congruent with
the gist of their memory, or are compatible with participants’
preconceptions regarding the people or place involved (Loftus
and Pickrell, 1995; Belli and Loftus, 1996; Loftus, 1996, 2003,
2005). Interestingly, these results are consistent with the reported
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effects of social contagion on false memory (Roediger et al.,
2001b).
Given such reconstructive processes, the congruency account
predicts that tones that are expected would be remembered well,
whereas tones that are unexpected would be remembered poorly.
Accordingly, tones at the higher levels of the tonal hierarchy
(such as appear at the top levels in Table 1), which are more
expected in tonal melodies, would be better remembered than
tones at lower levels of the hierarchy, which are less expected
(Schmuckler, 1989). The congruency account alsomakes an inter-
esting subsidiary prediction. Specifically, stemming from work
on false memory, this account predicts that highly expected (i.e.,
tones at a higher level of the tonal hierarchy) would be falsely
remembered as having occurred in melodies even when they
were not, in fact, sounded. In general the predictions of the con-
gruency account are consistent with previous work on memory
for melodies (Krumhansl, 1979; Schmuckler, 1997), as well as
Tversky and Kahneman’s (1973) classic work on the availability
heuristic in which people tend to judge events that are more easily
brought to mind as more likely to occur.
The availability heuristic has been found to operate across a
wide range of situations, including risk assessment (Folkes, 1988;
Agans and Shaffer, 1994; Keller et al., 2006; Sunstein, 2006),
education (Billings and Schaalman, 1980; Fox, 2006), ethical deci-
sion making (Hayibor and Wasieleski, 2009), financial decision
making (Kliger and Kudryavtsev, 2010), judgments of the self
and others (Cervone, 1989; Schwarz et al., 1991; Rothman and
Hardin, 1997), mental imagery (Carroll, 1978), and subliminal
priming (Gabrielcik and Fazio, 1984). Thus it would not be sur-
prising to observe availability effects in musical memory. In this
case, highly expected tones are more available, and thus more eas-
ily brought to mind, which would make them better remembered
when they did occur, and falsely remembered when they do not.
As an alternative to a congruency account, it is also possi-
ble that memory will be influenced by the distinctiveness of a
given target item. This “distinctiveness” account emanates from
the classic von Restorff effect (von Restorff, 1933; Hunt, 1995),
wherein isolating an item from its background enhances mem-
ory for that item later on. With respect to musical processing,
this explanation posits that tones that are highly unexpected (i.e.,
tonally unstable tones) within a context would be better remem-
bered because they “pop out” of the surrounding context and are
thus better attended and encoded. Theoretically, this account is
related to Schacter et al.’ work (Schacter et al., 1999, 2001; Dodson
and Schacter, 2001, 2002; Schacter and Wiseman, 2006) show-
ing that the processing of distinctive features of an event can
improve memory for that event later on; this phenomenon has
been labeled the distinctiveness heuristic. Moreover, the volumi-
nous body of work investigating the importance of perceptual
pop out across a wide array of domains and stimulus dimensions
provides further support for the importance of distinctiveness
as driving attention, and thus subsequent memory. This work
has been predominantly visual (e.g., Treisman and Gelade, 1980;
Prinzmetal, 1981; Treisman, 1982; Treisman and Schmidt, 1982;
Prinzmetal et al., 1986; Enns, 1990; Nothdurft, 1991; Maljkovic
and Nakayama, 1994; Wang et al., 1994; Li, 1999; Quinlan, 2003),
but pop out phenomena have also been documented in the
auditory (Woods et al., 1994, 2001; Cusack and Carlyon, 2000;
Zimmer et al., 2000; Janata et al., 2003; Dyson and Alain, 2004;
Magne et al., 2005; Van der Burg et al., 2008), and haptic (Plaisier
et al., 2008) domains.
Interestingly, work on distinctiveness processing typically con-
siders distinctiveness as synonymous with perceptual salience.
However, von Restorff theorized that any form of distinctive-
ness should lead to enhanced memory (Hunt, 1995). Hence, this
theory could also lend itself to distinctiveness based on musi-
cal tonality. It is worth noting that tonal distinctiveness differs
from feature-based perceptual salience in that it is a higher-order
attribute. That is, rather than relying on a single dimension, tonal-
ity relies on the interaction of pitch with time, in terms of note
durations, and also on the relations between different pitches.
Again, this idea does converge with work investigating higher-
order pop out effects in visual search, such as has been found with
affective distinctiveness. For example, Hansen and Hansen (1988)
reported that angry faces popped out from a crowd, although the
veracity of this effect is a matter of controversy (Hampton et al.,
1989; Purcell et al., 1996; Fox et al., 2000; Hershler and Hochstein,
2005, 2006; VanRullen, 2006). In the auditory domain, very little
is known about attentional pop out effects. Thus, these experi-
ments contribute new knowledge regarding pop out in auditory
contexts, as well as higher-order pop out in general.
The current set of studies investigated whether tonal expectan-
cies would influence memory for individual components (i.e.,
tones) of a musical context. Additionally, if tonality did in fact
have an impact on memory, these studies attempted to disen-
tangle which of the two previously discussed approaches—the
congruency or distinctiveness account—would better predict lis-
teners’ memory. It is important to note, however, that although
these accounts make different predictions, they are not necessar-
ily mutually exclusive. That is, it is possible that both congruency
and distinctiveness could simultaneously influence memory for
tones. Along these lines, one might see better memory for both
highly expected (tonally stable) and highly unexpected (tonally
unstable) tones, relative to tones of intermediate expectancy
(tones lying at intermediate levels of the tonal hierarchy). As
an aside, the idea that expectancy can be subdivided into vary-
ing degrees of expectation does have precedents both in terms
of its psychological existence (see Schmuckler, 1989, for exam-
ples of melodic and harmonic expectancy), and in terms of its
impact on musical processing and responses (Schmuckler and
Boltz, 1994).
The current studies tested these ideas employing a modified
version of the method of Curtis and Bharucha (2009) in which
listeners heard a melody followed by a target tone, and were asked
whether or not the target tone had occurred in the preceding
melody (the actual occurrence of the target within the melody
varied across trials). Target tones were chosen such that they were
of high expectation, medium expectation, or low expectation;
these varying levels correspond to tones of high tonal stability,
medium tonal stability, and low tonal stability (see Schmuckler,
2004, 2009). Looking across the three experiments in this series,
the relative strength of the underlying tonality was manipulated
by employing melodies that induced a strong, perceptually sta-
ble tonality (Experiment 1), melodies that induced a tonality that
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was of weaker perceptual stability (Experiment 2), or melodies
that induced no perceived tonality at all (Experiment 3).
EXPERIMENT 1: NOTE MEMORY IN MAJOR TONALITY
MELODIES
The goal of the first experiment was to determine whether, in
fact, expectancies generated by a tonal melody would influence
memory for single tones. Toward this end, this study employed
a major tonal context in order to generate a strong represen-
tation of tonality (e.g., Dowling, 1978, 1991; Krumhansl and
Shepard, 1979; Krumhansl, 1979, 1990; Krumhansl and Kessler,
1982; Bharucha and Stoeckig, 1986, 1987; Schmuckler, 1989,
1997; Bharucha, 1994;Marmel et al., 2008).Memory for three dif-
ferent target tones was investigated, with these tones chosen based
on their representing varying levels of perceived psychological
and tonal stability with a major tonality (see Table 1). Specifically,
these tones represented highly expected, moderately expected,
and unexpected tones in a major key context. Based on the pre-
viously discussed theoretical approaches, these differing levels of
expectancy should produce varying patterns of performance for
both memory rates and false alarm rates.
METHODS
Participants
Twenty participants (14 females; mean age = 18.7 years, SD =
0.33 years) were recruited from the University of Toronto
Scarborough community using the introductory psychology par-
ticipant pool, and compensated for their participation with
course credit. The following descriptive statistics were calculated
for all 20 participants. These participants had an average of 3.0
years of formal musical training (SD = 0.5 years), with four par-
ticipants reporting no training. Participants had an average of 0.2
years of musical theory training (SD = 0.1 years), with 16 par-
ticipants reporting no exposure to music theory. With respect to
other musical activity, on average, participants listened to music
for 13.3 h per week (SD = 2.9 h), and played music for 1 h per
week (SD = 0.5 h). None of the participants had ever participated
in amusic psychology experiment before, nor did any participants
report a familiarity with the music cognition research literature.
Finally, none of the participants reported having absolute pitch.
Stimuli
All melody and probe tone stimuli were produced using a grand
piano sound in MakeMusic Inc. (2009). All melodies were com-
posed in the key of G major, and were based on melodies taken
from two American folk song collections (Jackson, 1964; Ohrlin,
1973). The melodies were presented in only a single key, based
on previous research that has shown that the tonal represen-
tations generalize across tonal centers (Krumhansl and Kessler,
1982). Moreover, the use of G major in all melodies ensured that
the tonal center, and thus tonal expectancy, was strongly estab-
lished during each block. To ensure that the melodies did indeed
induce a predominant tonality of G major key, all melodies were
analyzed using the Krumhansl-Schmuckler key-finding algorithm
(Krumhansl, 1990; Schmuckler and Tomovski, 2005). The algo-
rithm indicated that G major was the highest correlated key for
all melodies, with a mean correlation with G major across all
melodies of r(22) = 0.80 (SD = 0.08). The second highest key
correlation for each melody was most often E minor, then D
major, and then G minor, which are all highly tonally related to
G major (see Krumhansl, 1990). However, given that the G major
correlation was significantly higher than the second highest key
correlation across melodies, t(71) = 16.53, p < 0.00000001, we
can be confident that the melodies strongly elicited the perception
of G major.
Each melody was four bars long with four beats per bar (4/4
time signature), and was in total between 14 and 16 beats long
(the number of beats occupied by notes in the fourth bar var-
ied from 2 to 4). Melodies were played at a tempo of 120 beats
per min (i.e., a quarter tone = 500ms), resulting in melodies of
between 7 and 8 s in length. All melodies ranged in pitch from B3
(246.94Hz) to B5 (987.77Hz), and ended on the tonic tone (G).
Two factors were manipulated across these melodies. The first
factor was Target Presence, with the target either present in or
absent from the melody. If the target was present it only appeared
once in the melody. Second was the factor of Target Note. Present
targets could consist of a high expectancy note (in G major
this was the note D, or pitch class 7; see Table 1), a moderate
expectancy note (E, or pitch class 9), and a low expectancy note
(D#/Eb, or pitch class 8). Across the set of melodies the target note
could occur in one of four positions: measure 2, beat 2; measure
2, beat 3; measure 3, beat 2; or measure 3, beat 3. Varying the tem-
poral position of the target was important in preventing listeners
from simply anticipating when during the melody the possible
target note might occur, and thus directing heightened attention
solely to that temporal location. If the target was absent, it did
not occur at any point in the melody (e.g., Target Absent, Target
Note = Dmeans that D never occurred).
The combination of target notes varying in their expectancy
(i.e., high, moderate, low expectancy) and the four temporal
positions produced 12 possible configurations for melodies con-
taining the target note. Three melodies were created for each
configuration, giving rise to 36 melodies in all with the target
present (12 for each expectancy level). Thirty-six new melodies
were then composed which did not include the targets (to balance
the number of target absent with target present melodies). Thus,
there were 72 melody stimuli in all; examples of these melodies
can be seen in Figure 1, and all melodies (with contour and inter-
val information for all targets) are available in Supplementary
material.
Following each melody listeners heard a one second probe
tone. This probe was identical in pitch to the target note in the
target present melodies. For the target absent melodies the pitch
of the probe tone was one of the three possible target tones, and
was transposed to the range of the melodic context.
Apparatus
Stimuli were presented to participants using an Intel Pentium
4 personal computer, with code written and run in MATLAB
7.0 (Moler, 2004), using the Cogent toolbox (Romaya, 2002).
The visual components of the experiment were viewed on an
LG Flatron L1710S monitor, and the auditory components were
heard through Sennheiser HD 280 pro headphones connected to a
Creative Sound Blaster Audigy 2 ZS soundcard. Participants were
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FIGURE 1 | Examples of experimental stimuli for Experiment 1. The boxes indicate present targets.
given the opportunity to adjust the volume of the auditory stimuli
to a comfortable listening level. Responses were collected using
the “1” (for present) and “0” (for absent) keys on the computer
keyboard.
Procedure
Participants were told that they would hear a melody, followed
shortly thereafter by a single probe tone. They were told to lis-
ten carefully to the melody and probe, and to then indicate
whether or not they had heard the probe tone in the previously
presented melody. Participants heard three blocks of 72 trials,
with the order of these trials randomized within each block.
Thus, altogether listeners heard 216 experimental trials. Prior to
beginning the experimental trials, listeners received five practice
trials (randomly chosen from the 72 experimental trials) and had
the opportunity to ask the experimenter questions regarding the
task. Following the experimental trials, listeners completed a sur-
vey regarding their musical experience. The entire experimental
session lasted approximately 1 h.
RESULTS AND DISCUSSION
Participant responses (“target present” vs. “target absent”) were
used to calculate the hit rate (correctly detecting the presence of
the target when it was present) and false alarm rate (incorrectly
indicating the presence of the target when it was absent) for each
target condition. These hit and false alarms rates were in turn used
to calculate the bias-free sensitivity index d′, and the bias index c
according to signal detection theory (MacMillan and Creelman,
2005). d′ reveals the separation between the means of the sig-
nal (“target present”) and noise (“target absent”) distributions,
and thus indicates how well participants were able to discriminate
between trials in which the target had occurred in the melody
and trials in which it had not. Therefore, d′ can be treated here
as a proxy for memory performance, with larger values of d′
corresponding to better memory. c indicates the participant crite-
rion for answering “target present” vs. “target absent,” with c = 0
indicating no bias, c < 0 indicating a liberal bias (more likely to
answer “present”), and c > 0 indicating a conservative bias (more
likely to answer “absent”).
In order to control for the effects of musicianship, all ANOVA
analyses reported for Experiment 1 were performed with musical
training (in years) as a covariate. There was never a significant
main effect of musical training, nor were any interactions with
musical training significant, all p > 0.05.
First, we confirmed that participant performance, as mea-
sured by d′, was significantly better than chance (d′ = 0), t(19) =
6.613, p < 0.001. Next, d′ data for each participant in each tar-
get condition were submitted to a One-Way repeated measures
ANOVA, with the within-subjects factor of Target Note (high
vs. medium vs. low expectancy). The effect of target was sig-
nificant, F(2, 38) = 11.041, MSE = 0.267, p < 0.001, η2p = 0.380.
Figure 2A presents the means (and SEs) for the d′s as a func-
tion of target note. Multiple Bonferroni-corrected comparisons
(critical p = 0.05/3 = 0.017) showed that this effect was due to
both high expectancy targets and low expectancy targets being
better-remembered than moderate expectancy targets, t(19) =
3.194, p = 0.005; t(19) = 3.922, p = 0.001. Listeners’ memory
for high and low expectancy targets was not significantly differ-
ent, t(19) = 2.013, p = 0.058, though there was a trend toward
slightly better memory for targets that were unexpected than
those that were expected. These results provide evidence for both
the congruency and distinctiveness accounts, with expectancy
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FIGURE 2 | d′ (A), falsealarmrate (B)andc (C) forhigh,moderate,and lowexpectancytargets inExperiment1.Errorbarsdepict thestandarderrorof themean.
affecting memory for tones by privileging processing of items
that are schema-congruent as well as items that are schema-
incongruent1 . To our knowledge, no previous studies have
demonstrated that both congruency and distinctiveness can be
simultaneously operative in memory; therefore, this constitutes
a novel finding in the field of memory.
In order to test the hypothesis that highly expected targets
would be falsely remembered, false alarm rates for each partic-
ipant in each target condition were submitted to a One-Way
repeated measures ANOVA, again employing the factor of Target
Note. This factor was marginally significant, F(2, 38) = 2.314,
MSE = 0.021, p = 0.113, η2p = 0.114; Figure 2B presents the
1A subsidiary analysis in this experiment, as well as the forthcoming stud-
ies, examined hit rate as a function of serial position with the melody, coded
as position 1 (measure 2, beat 2), 2 (measure 2, beat 3), 3 (measure 3, beat
2), 4 (measure 3, beat 3). Across all three of the studies these analyses demon-
strated significant differences, ormarginally so, as a function of serial position,
with the best memory for serial position 4, followed by serial position 3, and
so on. Thus, in keeping with a standard recency account (Ebbinghaus, 1913;
Feigenbaum and Simon, 1962; Murdock, 1962), all of these studies showed
better memory for the most recently presented information.
means (and SEs) for this effect. Given our predictions regarding
false alarms, we conducted multiple Bonferroni-corrected com-
parisons (critical p = 0.05/3 = 0.017) which confirmed that
highly-expected targets producing more false alarms than unex-
pected targets, t(19) = 3.428, p = 0.003, and marginally more
false alarms than moderately-expected targets, t(19) = 2.016, p =
0.058. This result confirms an important prediction of the con-
gruency account—that tonal schemata encourage listeners to
reconstruct what they heard with schema-congruent tones, lead-
ing to an elevated false alarm rate for the highly expected tar-
get. These data are consistent with past work in false memory
(Brainerd and Reyna, 2005), and represent one of the first reports
of false memory effects in a musical context (see also Curtis
and Bharucha, 2009), and, notably, the only report specifically
assessing highly-learned, acculturated music.
Finally, c values for each participant in each target condition
were submitted to a One-Way repeated measures ANOVA with
Target Note as a factor. There was no overall effect of Target Note,
F(2, 38) = 1.789, MSE = 0.160, p = 0.182, η2p = 0.090. However,
planned comparisons (critical p = 0.017) indicated that par-
ticipants had a marginally more liberal response criterion for
trials with high expectancy tones than medium expectancy tones,
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t(19) = 2.164, p = 0.043, and a significantly more liberal response
for trials with high expectancy tones than low expectancy tones,
t(19) = 4.300, p < 0.001. Figure 2C presents the means (and SEs)
for this effect. This result is consistent with the results from the
false alarms analysis, with more liberal bias leading to higher false
alarms for high expectancy targets.
Overall, these findings support the idea that listeners’
expectancies for melodies, in this case, formed on the basis of
perceiving a strong tonality, will influence subsequent memory
for the components (i.e., the individual tones) of the melodies.
What is intriguing is that the impact of tonally-driven expectancy
formation was multi-faceted, with listeners demonstrating better
memory for tones that are strongly consistent with the per-
ceived tonality (i.e., a congruency effect) and presumably driving
attention to tones that are strongly inconsistent with the perceived
tonality (i.e., a distinctiveness account). For both effects, however,
the critical aspect of processing leading to these memory effects
involves the formation of a robust representation of tonality by
which expectancies can be generated. Recognition of this central
component leads naturally to the question of what would happen
to expectancy effects on memory if the tonal representation was
not so robust. Experiments 2 and 3 address this question.
EXPERIMENT 2: NOTE MEMORY IN MINOR TONALITY
MELODIES
Assuming that the memory differences observed in Experiment
1 were indeed the result of expectancies generated by the per-
ceived tonality of the melodies, then if listeners heard sequences
that were less robust in producing tonal expectancies the memory
differences would be correspondingly influenced. One straight-
forward method of manipulating the strength of listeners’ tonal
representations is to employ melodic contexts in a minor tonality
rather than a major one. Previous work has shown that listeners’
cognitive representations of the minor tonality is weaker than that
of themajor tonality (Krumhansl et al., 1982; Harris, 1985; Delzell
et al., 1999; Vuvan and Schmuckler, 2011), possibly because three
different versions of the minor tonal structure can be represented
simultaneously (Vuvan et al., 2011). As an example, Vuvan and
Schmuckler (2011) found that listeners were able to generate
highly accurate images of a major tonality based on a cue tone.
In contrast, listeners’ auditory images of a minor tonality were
dramatically less robust, indicating that such contexts are signif-
icantly less psychologically stable. Within the current paradigm,
employing minor melodic contexts should serve to decrease the
fidelity of the tonal schema, thereby weakening the effects of
tonality-based expectancies on memory performance.
METHODS
Participants
Twenty participants (16 females; mean age= 20.0 years, SD = 5.2
years) who had not participated in Experiment 1 were recruited
from the University of Toronto Scarborough community using
the introductory psychology participant pool, and compensated
for their participation with course credit. The following descrip-
tive statistics were calculated for all 20 participants. These par-
ticipants had an average of 6.0 years of formal musical training
(SD = 3.9 years), and an average of 3.5 years of musical theory
training (SD = 3.2 years). With respect to other musical activ-
ity, on average, participants listened to music for 12.3 h per week
(SD = 13.1 h), and played music for 1.8 h per week (SD = 2.6 h).
None of the participants had ever participated in a music psy-
chology experiment before, nor did any participants report a
familiarity with the music cognition research literature. Finally,
none of the participants reported having absolute pitch.
Stimuli, apparatus, and procedure
The apparatus and procedure for this experiment were identical
to that of Experiment 1. The only difference between the two
studies involved the stimuli for this experiment, with these
melodies now presenting a minor key context, as opposed to a
major key. To create the minor key stimuli, the melodies from
Experiment 1 were altered by changing specific tones within
each melody to be consistent with a minor tonal hierarchy (see
Table 1), without altering the contour. The changed tones were
never target tones. Because of the structural differences between
major and minor tonalities, the moderate expectancy target (E, or
pitch class 9) from Experiment 1 now became the low expectancy
target, whereas the low expectancy target (D#/Eb, or pitch class
8) from Experiment 1 now became the moderate expectancy tar-
get. The high expectancy target (D, pitch class 7) remained the
same across the two experiments (see Table 1). Examples of these
melodies can be seen in Figure 3; all melodies are available in
Supplementary material.
To ensure that the alterations to these melodies did, in fact,
reliably modify the tonality, the Krumhansl-Schmuckler key-
finding algorithm (Krumhansl, 1990) was applied to eachmelody.
The algorithm indicated that each melody had a minimum cor-
relation of r(22) = 0.65 with G minor, with a mean correlation
with G minor for all melodies of 0.82 (SD = 0.07). The second
highest key correlation for each melody was most often G major,
then B flat major, and then E flat major, which are all highly
tonally related to Gminor (see Krumhansl, 1990). However, given
that the G minor correlation was significantly higher than the
second highest key correlation across melodies, t(71) = 15.771,
p < 0.00000001, we can be confident that the melodies strongly
elicited the perception of G minor.
RESULTS AND DISCUSSION
As in Experiment 1, d′ and c values were calculated based on hit
(correct detection of the target when present) and false alarm
(incorrect indication of the target when it was absent) rates. In
order to control for the effects of musicianship, all ANOVA anal-
yses reported for Experiment 2 were performed with musical
training (in years) as a covariate, all p > 0.05.
First, we confirmed that participant performance, as measured
by d′, was significantly better than chance (d′ = 0), t(19) = 9.481,
p < 0.001. Next, d′ values were submitted to a One-Way repeated
measures ANOVA, with the within-subjects factor of Target Note
(high vs. medium vs. low expectancy). This analysis failed to
reveal any effect of the differing targets on d′s for minor tonal-
ity melodies, F(2, 38) = 0.400, p = 0.673; Figure 4A presents the
means (and SEs) for d′s as a function of target tone. Thus, in
contrast to Experiment 1, the weaker tonal representations of the
minor keys failed to influence memory performance, presumably
Frontiers in Psychology | Auditory Cognitive Neuroscience June 2014 | Volume 5 | Article 582 | 8
Vuvan et al. Tonality and memory for tones
FIGURE 3 | Examples of experimental stimuli for Experiment 2. The boxes indicate present targets.
FIGURE 4 | d ′ (A), false alarm rate (B) and c (C) for high, moderate, and low expectancy targets in Experiment 2. Error bars depict the standard error of
the mean.
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due to less robust expectancy generation in a minor key (this
point will be returned to in the general discussion).
Next, false alarm rates were submitted to a One-Way repeated
measures ANOVAwithTarget Note as a factor. In contrast to the d’
findings, this analysis did reveal a significant effect of target note,
F(2, 38) = 4.519,MSE = 0.018, p = 0.018, η2p = 0.201; Figure 4B
presents the means (and SEs) for false alarm rates as a func-
tion of target tone. Multiple Bonferroni-corrected comparisons
(critical p = 0.017) revealed that this effect was driven by signif-
icantly more false alarms for expected than unexpected targets
(see Figure 4B). This was true for both highly expected tar-
gets, t(19) = 6.122, p < 0.001, and moderately expected targets,
t(19) = 6.948, p < 0.001. As an aside, there was a tendency toward
more false alarms to high expectancy targets, relative to mod-
erately expected targets, t(19) = 2.064, p = 0.053, although this
difference was not significant after correcting for multiple com-
parisons. As expected, weakening the tonality of the melodic
context by switching from major to minor led to a disruption
of the expectancy-based memory effects observed in Experiment
1. Specifically, although differential expectancy for the three tar-
gets tones failed to influence d′, there continued to be an effect
of expectancy on false alarm rates for the targets. Admittedly,
the pattern in this study was somewhat more complex, with
both high and moderate expectancy targets producing increased
false alarm rates, relative to low expectancy targets, whereas
only high expectancy targets led to increased false alarms in
Experiment 1.
One speculative explanation for this finding is that the strong
major tonal context in Experiment 1 induced a more differ-
entiated expectancy gradient, with the high expectancy event
in the current study clearly distinguishable in its perceived
expectancy than the moderate and low expectancy note. In con-
trast, the minor tonality might have produced a more generalized
distinction between diatonic and non-diatonic tones, but not as
strong a differentiation between tones at the top levels of the
hierarchy (i.e., between high and moderate expectancy events).
In this regard it is intriguing to note that the classic tonal hier-
archy ratings of Krumhansl and Kessler (1982) actually show
a decrease in perceived goodness of fit for pitch class 7 (the
high expectancy tone in this study) within a minor key, rela-
tive to its perceived fit in a major context. Such a pattern would
be consistent with less differentiation between this pitch class
and the moderate expectancy pitch class (pitch class 8) in a
minor key. Regardless of any specific explanation for this result,
it seems clear that, in broad strokes, the false alarm analyses
agree with the previous findings. And most importantly, these
results replicate the intriguingly novel finding of a false memory
effect for musical stimuli, based on perceived expectancy for these
stimuli.
Finally, c values for each participant in each target condi-
tion were submitted to a One-Way repeated measures ANOVA
with Target Note as a factor. There was a significant effect
of Target Note, F(2, 38) = 5.125,MSE = 0.162, p = 0.011, η2p =
0.222; indicating that participants had a marginally more lib-
eral response criterion for trials with high expectancy tones
than medium expectancy tones, t(19) = 2.225, p = 0.038, and
in turn a more liberal response criterion for medium than low
expectancy tones, t(19) = 7.738, p < 0.001. Figure 4C presents
the means (and SEs) for this effect. This result is consistent with
the results from the false alarms analysis, with more liberal bias
leading to higher false alarms for high and medium expectancy
targets.
Theoretically, these findings confirm the viability of the
congruence account developed earlier, in which differential mem-
ory is shown for schema-congruent events, relative to schema-
incongruent events. In contrast, this study failed to reveal any
support for the distinctiveness account in musical memory, with
unexpected events no longer “popping out” from their tonal
background. Although not immediately obvious, such a result is
understandable with reference to the fact that the minor tonality
actually has multiple forms, with these multiple versions of the
minor psychologically accessible to listeners at some level (see
Vuvan et al., 2011, for a review and relevant data). Because the
low expectancy event in this study does occur in one of the
three minor forms (specifically, the ascending component of the
melodic minor) it could be considered to be not as truly distinc-
tive in a minor tonal context. As such, it would no longer pop
put from its tonal background. As an aside, recognizing the more
ambiguous tonal function of this tone in a minor context arising
from these different forms does not undermine the distinction
between the degrees of expectancy for the moderate and low
expectancy tones. Although the low expectancy tone does appear
in one of the three minor forms, the moderate expectancy tone
occurs in all three minor tonality variants. Accordingly, this note
remains, on a theoretical and psychological level, more expected
than the low expectancy event.
In sum, the current experiment replicated the findings of
Experiment 1 in terms of showing an impact of expectancy gen-
eration on memory for individuals in a general sense, and in
demonstrating the existence of a false memory effect for musical
stimuli. Extending these previous findings, this study showed
that manipulating, and specifically weakening, the theoretical
and psychological stability of the reference schema (i.e., musical
tonality) similarly modulates the effect of expectancy generation
on memory. Extending this latter finding makes an intrigu-
ing prediction: If the melodic context were to be totally devoid
of tonal structure, then there should be no evidence of tonal
expectancies on memory. Experiment 3 examined this final
prediction.
EXPERIMENT 3: NOTE MEMORY IN ATONAL MELODIES
The goal of this experiment was to provide a final test of the
impact of expectancy generation onmusical memory. In this case,
the strategy employed was a logical extension of the previous
experiment in which a weakening of the tonal structure of the
melodic context ultimately led to weaker effects of tonality on
memory. Specifically, this experiment removed all tonal structure
whatsoever from the melodic contexts. If the memory differences
previously observed were truly a result of expectancy generation
driven by the formation of a tonal schema, then removing tonal-
ity should have the corresponding effect of removing differential
memory performance. To examine this idea, all stimulusmelodies
were composed to be atonal, that is, to not suggest any major or
minor tonality to the listener.
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METHODS
Participants
Twenty participants (14 females; mean age = 21.2 years, SD =
3.1 years) who did not participate in Experiments 1 or 2 were
recruited from the University of Toronto Scarborough commu-
nity using posted advertisements, and were compensated $10 for
their participation. The following descriptive statistics were cal-
culated for all 20 participants. These participants had an average
of 3.7 years of formal musical training (SD = 4.2 years), and an
average of 1.8 years of musical theory training (SD = 0.2 years).
With respect to other musical activity, on average, participants
listened to music for 10.2 h per week (SD = 5.3 h), and played
music for 1.0 h per week (SD = 2.6 h). None of the participants
had ever participated in a music psychology experiment before,
nor did any participants report a familiarity with themusic cogni-
tion research literature. Finally, none of the participants reported
having absolute pitch.
Stimuli, apparatus, and procedure
The only difference in the current experiment from the previous
two studies involved the stimulus melodies. To create the atonal
stimuli for Experiment 3, the melodies from Experiment 1 were
altered by modifying non-target tones by one semitone, while
preserving the contour (pattern of ups and downs in pitch)
of the original melody; examples of these melodies can be
seen in Figure 5, with all melodies shown in Supplementary
material. As in Experiments 1 and 2, the Krumhansl-Schmuckler
key-finding algorithm (Krumhansl, 1990) was used to ensure
that the melodies were indeed truly atonal, and did not provide
any unintended tonal information. The algorithm indicated that
none of the melodies correlated significantly with any particular
key [mean of the maximum key correlation aggregated across all
melodies r(22) < 0.50, SD = 0.07, highest maximum correlation
for any melody and its best fitting key r(22) = 0.60]. Like the max-
imum key correlation, the second highest key correlation across
melodies was relatively modest [mean r(22) = 0.42, SD = 0.09].
Importantly, the maximum key correlation for this experiment
was significantly lower than for Experiment 1 (correlations with G
major), t(142) = 24.020, p < 0.001 or Experiment 2 (correlations
with G minor), t(142) = 27.904, p < 0.001, indicating a much
weaker sense of tonal center in these melodies.
As a subsidiary analysis, care was taken to ensure that there
was no instantiation of tonality through the differential fre-
quency of occurrence or durations of the 12 pitch classes across
the melodic corpus. Previous work (Smith and Schmuckler,
2004) found that a tonal center can be instantiated simply by
having one of the pitch classes occur significantly more fre-
quently than the remaining pitch classes. Accordingly, a chi-
square test on the frequency of occurrence of each pitch class,
standardized for duration, confirmed that no pitch class occurred
significantly more than any other one, χ2(11) = 4.112, p =
0.967. Due to the lack of tonal schema in this experiment, all
three target tones (D, E, D#/Eb) were predicted to be equally
expected.
FIGURE 5 | Examples of experimental stimuli for Experiment 3. The boxes indicate present targets.
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RESULTS AND DISCUSSION
The d′ and c values for each participant in each target condition
were calculated in the same manner as in the previously
experiments. Again, to control for the effects of musicianship, all
ANOVA analyses reported for Experiment 3 were performed with
musical training (in years) as a covariate. There was never a sig-
nificant main effect of musical training, nor were any interactions
with musical training significant, all p > 0.05.
In this experiment, participant performance, as measured by
d′, was not significantly better than chance (d′ = 0), t(19) =
1.716, p = 0.102. d′ values were submitted to a One-Way repeated
measures ANOVA with Target Note (D vs. E vs. D#/Eb) as
the sole factor. This analysis failed to reveal any effect of tar-
get on d′, F(2, 38) = 0.993 MSE = 0.312, p = 0.380,η2p = 0.052;
Figure 6A presents the mean d′ values as a function of tar-
get note. Thus, in keeping with our earlier predictions, elim-
inating the tonal schema from the melodies eliminated the
congruency and distinctiveness effects on memory for melody
tones. In other words, removing the theoretical and psycho-
logical hierarchies of stability produced melodies that failed to
generate differential expectancies for tones; without any tonality-
based expectancy there was no corresponding effect on note
memory.
A subsequent analysis examined false alarm rates, employing
a One-Way repeated measures ANOVA, again with Target Note
as a factor. Here, the effect of target was significant, F(2, 38) =
9.989,MSE = 0.011, p < 0.001,η2p = 0.357; Figure 6B presents
the mean false alarm rates for the different target notes. Multiple
Bonferroni-corrected comparisons (critical p = 0.017) indicated
that this effect was due to more false alarms for D#/Eb than
for D, t(19) = 6.577, p < 0.001; these differences can be seen in
Figure 6B. The occurrence of significantly more false alarms for
D#/Eb is somewhat unexpected. One possible explanation for
this result would be that this tone was sounded longer than the
other target tones in the context, and thus became slightly more
expected based on differential duration. Unfortunately for this
explanation, there was no evidence that the cumulative duration
(across all of the stimulus melodies) of the D#/Eb target tone
(∼42 s) was any different than either the D target (∼45 s) or the E
target (∼39 s). Alternatively, it might be that this differential per-
formance arises through more overall differential experience with
the various frequencies of occurrence of the 12 pitch classes based
on a general result of musical acculturation. Some fascinating evi-
dence over the years (Simpson and Huron, 1994; Ben-Haim et al.,
2013) has found that, looking across broad corpuses of music,
there are systematic differences in real-world exposure to the 12
FIGURE 6 | d ′ (A), false alarm rate (B) and c (C) for high, moderate, and low expectancy targets in Experiment 3. Error bars depict the standard error of
the mean.
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pitch classes, and that this differential exposure influences pitch
perception and memory. Unfortunately, these analyses have typ-
ically found that the tone D occurs far more commonly than the
tones D#/Eb (Simpson and Huron, 1994; Ben-Haim et al., 2013).
As such, this hypothesis fails to account for the current findings.
Irrespective of an explicit explanation for why the D#/Eb tone
showed elevated false alarm rates, the current findings are con-
sistent with the notion that the removal of a tonal center from
these melodies eliminated any systematic, explainable differences
in memory for the individual target tones.
Next, c values for each participant in each target condi-
tion were submitted to a One-Way repeated measures ANOVA
with Target Note as a factor. There was a marginally significant
effect of Target Note, F(2, 38) = 3.090,MSE = 0.128, p = 0.058,
η2p = 0.147, with comparisons indicating that participants had
a significantly more liberal response criterion for D#/Eb target
trials than D target trials, t(19) = 3.113, p = 0.006. Figure 6C
presents the means (and SEs) for this effect. This result is con-
sistent with the results from the false alarms analysis, with more
liberal bias leading to higher false alarms for D#/Eb than D tar-
gets. Finally, by way of explaining the unexpected false alarm and
bias effects in this experiment, it is worth noting that performance
in Experiment 3 (as measured by d′) was significantly worse
that in Experiment 1, t(38) = 3.640, p = 0.001, and Experiment
2, t(38) = 4.478, p = 0.00007, and that Experiment 3 was the
only one of the experiments in which participants’ d′ values did
not significantly different from 0. Thus, it is clear that partici-
pants struggled with the atonal melodies, supporting the idea that
lack of tonal structure prevented participants from using typical
memory strategies (such as availability or distinctiveness) in this
experiment.
GENERAL DISCUSSION
The current series of experiments demonstrated the influence
of melodic expectancies on memory for individual musical
tones. Specifically, Experiment 1 demonstrated that when a tonal
schema was strongly evoked by a major melodic context, memory
was enhanced for both schematically congruent and incongru-
ent tones, with congruent tones also falsely remembered when
they were not actually present in a melody. Experiments 2
and 3 extended this initial result by systematically reducing the
strength of this tonal schema through the use of a minor tonality
(Experiment 2) and an atonal context (Experiment 3), with this
manipulation leading to a progressive weakening of the memory
effects observed in the initial experiment.
Theoretically, these findings support the operation of two dif-
ferent processes affecting memory for two categories of tones
within these melodic contexts. First there is evidence for a
congruency account, in which events that are schematically
consistent with the overall context, in this case the overarching
musical tonality, are better remembered than events that are less
consistent with this context. Evidence for the congruency account
appeared in both Experiments 1 (in terms of d′ and FA/bias) and 2
(in terms of FA/bias only). Second, there was also evidence for the
distinctiveness account, as demonstrated by better memory for
schematically inconsistent tones within the overall context; this
evidence was only seen in Experiment 1.
On its own, the demonstration of a distinctiveness effect in
musical memory as a function of expectancy generation is a
noteworthy result. Previous research by Schmuckler (1997) on
the relation between expectancy and memory failed to find any
support for a distinctiveness account in memory for melodies.
With regard to this earlier work, however, it is important to
remember that Schmuckler manipulated expectancy levels of
melodies by randomizing the occurrence of the pitch events
within the final two measures of a set of eight measure melodies,
while holding the rhythmic structure of these final two measures
constant. Accordingly, these variations did not introduce tones
that were strongly schematically inconsistent with the overall
tonality of the melodies. Thus, in this earlier project expectancy
manipulations occurred via varying the co-occurrence of the
pitch events with their corresponding metrical positions within
these melodies (see Prince and Schmuckler, 2014, for a discus-
sion of tonal-metric correlations), thereby likely resulting in
alternatives that did not present as wide a range of perceived
expectedness as the current paradigm. Put more simply, in
this earlier study there were likely no melodies that were as
“unexpected” as the unexpected tones in the current study. Given
this possibility, it is not at all surprising that this previous project
did not produce evidence for a distinctiveness account, as none of
the melodies were as “distinctive” as the unexpected targets were
in this series of experiments. It would be interesting to repeat
that previous work, examining memory for entire melodies
that systematically vary outside of a tonal framework, to see if
both congruency and distinctiveness accounts can be similarly
simultaneously operative in melodic memory.
On a parallel theoretical level, and as discussed previously,
both the congruency and distinctiveness accounts can be aligned
with the operation of different types of memory heuristics.
Specifically, the congruency effects can be considered in relation
to Tversky and Kahneman’s (1973) classic work on the avail-
ability heuristic, which would predict that schema congruent
tones, because they are more present and hence available, would
be better remembered when they occurred, and more falsely
remembered when they did not occur; both of these predic-
tions were borne out in our results. In contrast, distinctiveness
effects can be considered in relation to the distinctiveness heuris-
tic (Israel and Schacter, 1997; Schacter et al., 1999, 2001; Dodson
and Schacter, 2002; Schacter and Wiseman, 2006), which would
predict better memory for tones that are schematically unex-
pected, a prediction that was also confirmed by our results. To our
knowledge, the current findings are the first to explicitly place,
and demonstrate, the operation of such memory heuristics in
musical memory.
More important than simply identifying the occurrence of
these heuristics in a musical context, however, is the evidence
for the simultaneous operation of these two processes. As dis-
cussed by Schacter and Wiseman (2006), very little work has
examined how the different memory heuristics function in rela-
tion to one another. In this sense, it is worth highlighting that, at
least within the current context, both heuristics simultaneously
influenced memory performance, and did so without interfer-
ing with one another. Accordingly, our data suggest that these
two processes can operate in a complementary fashion in the
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proper circumstances. In fact, the potential for a complementary
relation between these two processes has been noted by oth-
ers. Tversky and Kahneman (1973) observed that when an
item possesses distinct features, it is better encoded in mem-
ory, which contributes to its mental availability. In other words,
both distinctiveness and availability may be seen as simply two
paths by which in a schematic framework can affect memory
processes.
One assumption cutting across all of the experiments outlined
here is that the schematic frameworks (i.e., tonal structures)
engendered by the melodic contexts produced expectancies for
upcoming events that subsequently influenced memory per-
formance. Moreover, and somewhat critical within this frame-
work, is the idea that variation in the schematic frameworks
(i.e., major vs. minor vs. atonal) also produced expectancies
for upcoming events that varied in their subsequent strength
and degree of specificity. Thus, major contexts produced the
strongest and most specific expectancies, followed by minor con-
texts, and finally by atonal contexts. Interestingly, although there
is evidence that different tonal contexts produce different forms
of schematic frameworks that vary in their degree of psycho-
logical stability (Krumhansl et al., 1982; Harris, 1985; Delzell
et al., 1999; Vuvan and Schmuckler, 2011), and that expectan-
cies do indeed vary in their strength and specificity (Schmuckler,
1989, 1990), there is actually no data explicitly linking differ-
ent tonal frameworks to varying forms of musical expectancies.
In this regard it is worth nothing that virtually all of the work
on expectancy employing Western tonal melodic contexts (e.g.,
Schmuckler, 1989, 1990, 1997; Schellenberg, 1996, 1997; Larson,
2002, 2004; Margulis, 2005, 2007; Pearce and Wiggins, 2006,
2012; Thorpe et al., 2011) have either employed, or at least
been applied to, major tonal contexts. Similarly, research examin-
ing harmonic priming (e.g., Bharucha and Stoeckig, 1986, 1987;
Tekman and Bharucha, 1998; Tillmann et al., 1998, 2000, 2003;
Bigand et al., 2003; Marmel et al., 2008, 2010; Marmel and
Tillmann, 2009) has almost exclusively employed major tonal-
ity chord progressions. Accordingly, the impact of minor tonal
frameworks on musical expectancy formation has been virtually
unstudied; as such, it is unclear as to whether minor tonali-
ties actually give rise to expectancies that are less strong and/or
specific.
Finally, two caveats to our findings are in order. First, one of
the central debates in the literature on musical expectancy has
to do with whether the locus of expectancy effects is sensory
(e.g., repetition of pitches, spectral characteristics of the target)
or cognitive (e.g., based on mental representations of the tonal
hierarchy), as we have argued here. In the current study, we did
not explicitly control sensory factors in our stimuli, thus leading
to the possibility that our expectancy results could be explained by
sensory factors rather than the cognitive factors we have invoked
here. In a recent review, Collins et al. (2014) analyzed the stim-
uli from seven different tonal priming experiments, and showed
that participant reaction times could be modeled by information
from periodicity pitch (sensory), chroma vectors (cognitive), and
activations on tonal space (cognitive). Collins et al. reported a
significant contribution of cognitive factors for all experimen-
tal data tested. Moreover, these authors found that tonal space
variables (i.e., tonal hierarchy representations) explained more
variability in reaction times than did periodicity pitch variables,
which suggests a greater role for cognitive than sensory factors in
musical expectancy. Due to lack of stimulus control, we cannot
conclude with certainty that our results emanate from cognitive
rather than sensory sources. However, the results of Collins et al.
(2014), as well as evidence from studies indicating that listeners
do store tonal representations in long-term memory (Bigand
et al., 2003; Marmel et al., 2010; Vuvan and Schmuckler, 2011)
argue against the idea that short-term sensory memory alone can
account for listener behavior in studies of tonal perception (as
suggested by Leman, 2000). Rather, these previous findings sug-
gest that our results are likely to emanate at least in part from
cognitive expectancy.
As a second caveat, one might wonder whether the schematic
expectancies generated by these stimuli effect memory for tones
as a result of encoding, retention, or retrieval aspects of mem-
ory processing. On the one hand, the distinctiveness heuristic has
been traditionally discussed as an encoding effect. On the other
hand, the availability heuristic mechanism is inherently retrieval-
oriented, given that it is items whose exemplars are more mentally
available during retrieval that are better remembered. It should
be noted, though, that this orientation toward retrieval does not
preclude effects during encoding and retention, such as distinc-
tiveness, from having an impact upon availability at retrieval.
Ultimately, the elucidation of the locus of memory effects is a
historically difficult issue, and unfortunately the current set of
experiments cannot adjudicate between these varying accounts.
Ongoing work is currently focusing on adapting this memory
paradigm in an attempt to disentangle these different accounts.
One straightforward means of at least partially addressing this
concern is to present the probe tone before the melody containing
the target, thus (presumably) ensuring that the tone of inter-
est will be well-encoded. If the expectancy effects observed here
persist in such an experiment, this would provide evidence that
this effect is not dependent on differential encoding. An addi-
tional benefit of such an experiment would be to assess whether
availability-based memory effects are operating at encoding, or
retention or retrieval.
In summary, the three experiments presented here provide
evidence for tonal schematic effects on memory for tones in a
melody. Although illuminating, these findings have only begun
to explore the complex relation between musical schema forma-
tion, expectancy generation, and subsequent memory for musical
materials. Ultimately, the hope is that such work will deepen our
understanding of how the mind processes and retains not only
musical information, but complex auditory information more
generally.
ACKNOWLEDGMENTS
This research was supported by grants from the Natural Sciences
and Engineering Research Council of Canada to the first and
third authors and an Ontario Graduate Scholarship to the
first author. Portions of this work were presented at the 11th
International Conference on Music Perception and Cognition
(August 23–27, 2010, Seattle, WA), and at SMPC 2013 (August
8–11, 2013, Toronto, ON).
Frontiers in Psychology | Auditory Cognitive Neuroscience June 2014 | Volume 5 | Article 582 | 14
Vuvan et al. Tonality and memory for tones
SUPPLEMENTARY MATERIAL




Agans, R. P., and Shaffer, L. S. (1994). The hindsight bias: the role of the avail-
ability heuristic and perceived risk. Basic Appl. Soc. Psych. 15, 439–449. doi:
10.1207/s15324834basp1504_3
Albouy, P., Schulze, K., Caclin, A., and Tillmann, B. (2013). Does tonality boost
short-term memory in congenital amusia? Brain Res. 1537, 224–232. doi:
10.1016/j.brainres.2013.09.003
Anderson, R. C., and Pearson, P. D. (1984). “A schema-theoretic view of basic
processes in reading comprehension,” in Handbook of Reading Research, eds
P. Pearson, R. Barr, M. L. Kamil, and P. Mosenthal (Mahwah, NJ: Lawrence
Erlbaum Associates), 255–291.
Bartlett, F. C. (1932). Remembering: An Experimental and Social Study. Cambridge:
Cambridge University Press.
Bartlett, J. C., and Dowling, W. J. (1980). Recognition of transposed melodies: a
key-distance effect in developmental perspective. J. Exp. Psychol. Hum. Percept.
Perform. 6, 501–515. doi: 10.1037/0096-1523.6.3.501
Belli, R. F., and Loftus, E. F. (1996). “The pliability of autobiographical memory:
misinformation and the false memory problem,” in Remembering Our Past:
Studies in Autobiographical Memory, ed D. C. Rubin (New York, NY: Cambridge
University Press), 157–179. doi: 10.1017/CBO9780511527913.006
Ben-Haim, M. S., Eitan, Z., and Chajut, E. (2013). Pitch memory and exposure
effects. J. Exp. Psychol. Hum. Percept. Perform. 40, 24–32. doi: 10.1037/a0033583
Bharucha, J. J. (1994). “Tonality and expectation,” in Musical Perceptions, ed R.
Aiello (Oxford: Oxford University Press), 213–239.
Bharucha, J. J., and Stoeckig, K. (1986). Reaction time and musical expectancy:
priming of chords. J. Exp. Psychol. Hum. Percept. Perform. 12, 403–410. doi:
10.1037/0096-1523.12.4.403
Bharucha, J. J., and Stoeckig, K. (1987). Priming of chords: spreading activa-
tion or overlapping frequency spectra? Percept. Psychophys. 41, 519–524. doi:
10.3758/BF03210486
Bigand, E., Poulin, B., Tillmann, B., Madurell, F., and D’Adamo, D. A. (2003).
Sensory versus cognitive components in harmonic priming. J. Exp. Psychol.
Hum. Percept. Perform. 29, 159–171. doi: 10.1037/0096-1523.29.1.159
Billings, R. S., and Schaalman, M. L. (1980). Administrators’ estimations of the
probability of outcomes of school desegregation: a field test of the availabil-
ity heuristic. Organ. Behav. Hum. Perform. 26, 97–114. doi: 10.1016/0030-
5073(80)90049-5
Boltz, M. (1989). Time judgments of musical endings: effects of expectan-
cies on the “filled interval effect.” Percept. Psychophys. 46, 409–418. doi:
10.3758/BF03210855
Boltz, M. (1993). The generation of temporal and melodic expectancies dur-
ing musical listening. Percept. Psychophys. 53, 585–600. doi: 10.3758/BF03
211736
Brainerd, C. J., and Reyna, V. F. (2005). The Science of False Memory. New York, NY:
Oxford University Press. doi: 10.1093/acprof:oso/9780195154054.001.0001
Bransford, J. D. (1979). Human Cognition: Learning, Understanding and
Remembering. Belmont, CA: Wadsworth.
Brown, R. W., and Hildum, D. C. (1956). Expectancy and the perception of
syllables. Language 32, 411–419. doi: 10.2307/410561
Carlsen, J. C. (1981). Some factors which influence melodic expectancy.
Psychomusicology 1, 12–29. doi: 10.1037/h0094276
Carlsen, J. C. (1982). Musical expectancy: some perspectives. Council Res. Music
Educ. 71, 4–14.
Carlsen, J. C., Divenyi, P., and Taylor, J. A. (1970). A preliminary study of perceptual
expectancy in melodic configurations. Council Res. Music Educ. 22, 4–12.
Carroll, J. S. (1978). The effect of imagining an event on expectations for the event:
an interpretation in terms of the availability heuristic. J. Exp. Soc. Psychol. 14,
88–96. doi: 10.1016/0022-1031(78)90062-8
Cervone, D. (1989). Effects of envisioning future activities on self-efficacy judg-
ments and motivation: an availability heuristic interpretation. Cogn. Ther. Res.
13, 247–261. doi: 10.1007/BF01173406
Collins, T., Tillmann, B., Barrett, F. S., Delbé, C., and Janata, P. (2014). A
combined model of sensory and cognitive representations underlying tonal
expectations in music: from audio signals to behavior. Psychol. Rev. 121, 33. doi:
10.1037/a0034695
Cuddy, L. L., and Badertscher, B. (1987). Recovery of the tonal hierarchy: some
comparisons across age and levels of musical experience. Percept. Psychophys.
41, 609–620. doi: 10.3758/BF03210493
Cuddy, L. L., Cohen, A. J., and Mewhort, D. J. K. (1981). Perception of structure
in short melodic sequences. J. Exp. Psychol. Hum. Percept. Perform. 7, 869–883.
doi: 10.1037/0096-1523.7.4.869
Cuddy, L. L., Cohen, A. J., and Miller, J. (1979). Melody recognition: the
experimental application of musical rules. Can. J. Psychol. 33, 148–157. doi:
10.1037/h0081713
Cuddy, L. L., and Lyons, H. I. (1981). Musical pattern recognition: a com-
parison of listening to and studying tonal structures and tonal ambiguities.
Psychomusicology 1, 15–33. doi: 10.1037/h0094283
Curtis, M. E., and Bharucha, J. J. (2009). Memory andmusical expectation for tones
in cultural context.Music Percept. 26, 365–375. doi: 10.1525/mp.2009.26.4.365
Cusack, R., and Carlyon, R. (2000). Auditory pop-out: perceptual asymmetries in
sequences of sounds. Br. J. Audiol. 34,112–112.
Deese, J. (1959). On the prediction of occurrence of particular verbal intrusions in
immediate recall. J. Exp. Psychol. 58, 17–22.doi: 10.1037/h0046671
Delzell, J. K., Rohwer, D. A., and Ballard, D. E. (1999). Effects of melodic pattern
difficulty and performance experience on ability to play by ear. J. Res. Music
Educ. 47, 53–63. doi: 10.2307/3345828
DeWitt, L. A., and Crowder, R. G. (1986). Recognition of novel melodies after brief
delays.Music Percept. 3, 259–274. doi: 10.2307/40285336
Dodson, C. S., and Schacter, D. L. (2001). “If I had said it I would have remembered
it:” reducing false memories with a distinctiveness heuristic. Psychon. Bull. Rev.
8, 155–161. doi: 10.3758/BF03196152
Dodson, C. S., and Schacter, D. L. (2002). When false recognition meets
metacognition: the distinctiveness heuristic. J. Mem. Lang. 46, 782–803. doi:
10.1006/jmla.2001.2822
Dowling, W. J. (1978). Scale and contour: two components of a theory of memory
for melodies. Psychol. Rev. 85, 341–354. doi: 10.1037/0033-295X.85.4.341
Dowling, W. J. (1991). Tonal strength and melody recognition after long and short
delays. Percept. Psychophys. 50, 305–313. doi: 10.3758/BF03212222
Dowling, W. J., and Bartlett, J. C. (1981). The importance of interval infor-
mation in long-term memory for melodies. Psychomusicology 1, 30–49. doi:
10.1037/h0094275
Dowling, W. J., Kwak, S., and Andrews, M. W. (1995). The time course
of recognition of novel melodies. Percept. Psychophys. 57, 150–158. doi:
10.3758/BF03206500
Downing, C. J. (1988). Expectancy and visual-spatial attention: effects on percep-
tual quality. J. Exp. Psychol. Hum. Percept. Perform. 14, 188. doi: 10.1037/0096-
1523.14.2.188
Dykes, J. R., and Pascal, V. (1981). The effect of stimulus probability on the per-
ceptual processing of letters. J. Exp. Psychol. Hum. Percept. Perform. 7, 528. doi:
10.1037/0096-1523.7.3.528
Dyson, B. J., and Alain, C. (2004). Representation of concurrent acoustic objects in
primary auditory cortex. J. Acoust. Soc. Am. 115, 280. doi: 10.1121/1.1631945
Ebbinghaus, H. (1913). Memory: A contribution to Experimental Psychology. New
York, NY: Teachers College, Columbia University.
Enns, J. T. (1990). “Three dimensional features that pop out in visual search,” in
Visual Search, ed D. Brogan (London: Taylor & Francis), 37–45.
Feigenbaum, E. A., and Simon, H. A. (1962). A theory of the serial position effect.
Br. J. Psychol. 53, 307–320. doi: 10.1111/j.2044-8295.1962.tb00836.x
Fodor, J. A., Bever, T. G., and Garrett, M. F. (1974). The Psychology of Language:
An Introduction to Psycholinguistics and Generative Grammar. New York, NY:
McGraw-Hill.
Folkes, V. S. (1988). The availability heuristic and perceived risk. J. Consum. Res. 18,
13–23. doi: 10.1086/209141
Fox, C. R. (2006). The availability heuristic in the classroom: how soliciting more
criticism can boost your course ratings. Judgm. Decis. Mak. 1, 86–90. Available
online at: http://journal.sjdm.org/jdm06020.pdf
Fox, E., Lester, V., Russo, R., Bowles, R. J., Pichler, A., and Dutton, K. (2000). Facial
expressions of emotion: are angry faces detected more efficiently? Cogn. Emot.
14, 61–92. doi: 10.1080/026999300378996
Gabrielcik, A., and Fazio, R. H. (1984). Priming and frequency estimation a
strict test of the availability heuristic. Pers. Soc. Psychol. Bull. 10, 85–89. doi:
10.1177/0146167284101009
www.frontiersin.org June 2014 | Volume 5 | Article 582 | 15
Vuvan et al. Tonality and memory for tones
Halpern, A. R., and Bartlett, J. C. (2010). “Memory for melodies,” in Music
Perception, eds M. R. Jones, R. R. Fay and A. N. Popper (New York, NY: Springer
Science+Business Media), 233–258.
Halpern, A. R., Bartlett, J. C., and Dowling, W. J. (1995). Aging and experience
in the recognition of musical transpositions. Psychol. Aging 10, 325–342. doi:
10.1037/0882-7974.10.3.325
Halpern, A. R., Bartlett, J. C., and Dowling, W. J. (1998). Perception of mode,
rhythm and contour in unfamiliar melodies: effects of age and experience.Music
Percept. 15, 335. doi: 10.2307/40300862
Halpern, A. R., Kwak, S., Bartlett, J. C., and Dowling, W. J. (1996). Effects of aging
andmusical experience on the representation of tonal hierarchies. Psychol. Aging
11, 235–246. doi: 10.1037/0882-7974.11.2.235
Hampton, C., Purcell, D. G., Bersine, L., and Hansen, C. H. (1989). Probing
“pop-out:” another look at the face-in-the-crowd effect. Bull. Psychon. Soc. 27,
563–566. doi: 10.3758/BF03334670
Hansen, C. H., and Hansen, R. D. (1988). Finding the face in the crowd: an
anger superiority effect. J. Pers. Soc. Psychol. 54, 917. doi: 10.1037/0022-3514.
54.6.917
Harris, R. W. (1985). Perceived relatedness of musical tones in major and
minor tonal contexts. Am. J. Psychol. 98, 605–623. doi: 10.2307/142
2513
Hawkins, J., and Blakeslee, S. (2007). On Intelligence. New York, NY: Owl Books.
Hayibor, S., and Wasieleski, D. M. (2009). Effects of the use of the availability
heuristic on ethical decision-making in organizations. J. Bus. Ethics 84, 151–165.
doi: 10.1007/s10551-008-9690-7
Hershler, O., and Hochstein, S. (2005). At first sight: a high-level pop out effect for
faces. Vision Res. 45, 1707–1724. doi: 10.1016/j.visres.2004.12.021
Hershler, O., and Hochstein, S. (2006). With a careful look: still no
low-level confound to face pop-out. Vision Res. 46, 3028–3035. doi:
10.1016/j.visres.2006.03.023
Hunt, R. R. (1995). The subtlety of distinctiveness: what von Restorff really did.
Psychon. Bull. Rev. 2, 105–112. doi: 10.3758/BF03214414
Huron, D. (2006). Sweet Anticipation. Cambridge: MIT Press.
Israel, L., and Schacter, D. L. (1997). Pictorial encoding reduces false recognition of
semantic associates. Psychon. Bull. Rev. 4, 577–581. doi: 10.3758/BF03214352
Jackson, G. P. (1964). Spiritual Folk-songs of Early America. New York, NY: Dover
Publications.
Janata, P., Birk, J. L., Tillmann, B., and Bharucha, J. J. (2003). Online detec-
tion of tonal pop-out in modulating contexts. Music Percept. 20, 283–305. doi:
10.1525/mp.2003.20.3.283
Jones, J., and Pashler, H. (2007). Is the mind inherently forward looking?
Comparing prediction and retrodiction. Psychon. Bull. Rev. 14, 295–300. doi:
10.3758/BF03194067
Jones, M. R. (1981). Music as a stimulus for psychological motion: Part
I. Some determinants of expectancies. Psychomusicology 1, 34–51. doi:
10.1037/h0094282
Jones, M. R. (1982). Music as a stimulus for psychological motion. Part
II. An expectancy model. Psychomusicology 2, 1–13. doi: 10.1037/
h0094266
Jones, M. R. (1990). Learning and the development of expectancies: an
interactionist approach. Psychomusicology 9, 193–228. doi: 10.1037/
h0094147
Keller, C., Siegrist, M., and Gutscher, H. (2006). The role of the affect and
availability heuristics in risk communication. Risk Analysis 26, 631–639. doi:
10.1111/j.1539-6924.2006.00773.x
Kliger, D., and Kudryavtsev, A. (2010). The availability heuristic and investors’
reaction to company-specific events. J. Behav. Finance 11, 50–65. doi:
10.1080/15427561003591116
Krumhansl, C. L. (1979). The psychological representation of musical pitch in a
tonal context. Cogn. Psychol. 11, 346–374. doi: 10.1016/0010-0285(79)90016-1
Krumhansl, C. L. (1990). Cognitive Foundations of Musical Pitch. New York, NY:
Oxford University Press.
Krumhansl, C. L. (1995). Music psychology and music theory: problems and
prospects.Music Theory Spectr. 17, 53–80. doi: 10.2307/745764
Krumhansl, C. L. (2000). Rhythm and pitch in music cognition. Psychol. Bull. 126,
159–179. doi: 10.1037/0033-2909.126.1.159
Krumhansl, C. L., Bharucha, J. J., and Kessler, E. J. (1982). Perceived harmonic
structure of chords in three related musical keys. J. Exp. Psychol. Hum. Percept.
Perform. 8, 24–36. doi: 10.1037/0096-1523.8.1.24
Krumhansl, C. L., and Kessler, E. J. (1982). Tracing the dynamic changes in per-
ceived tonal organization in a spatial representation of musical keys. Psychol.
Rev. 89, 334–368. doi: 10.1037/0033-295X.89.4.334
Krumhansl, C. L., and Shepard, R. N. (1979). Quantification of the hierarchy of
tonal functions within a diatonic context. J. Exp. Psychol. Hum. Percept. Perform.
5, 579–594. doi: 10.1037/0096-1523.5.4.579
Laitz, S. (2008). The Complete Musician: an Integrated Approach to Tonal Theory,
Analysis, and Listening. 2nd Edn. New York, NY: Oxford University Press.
Larson, S. (2002). Musical forces, melodic expectation, and jazz melody. Music
Percept. 19, 351–385. doi: 10.1525/mp.2002.19.3.351
Larson, S. (2004). Musical forces and melodic expectations: comparing com-
puter models and experimental results. Music Percept. 21, 457–498. doi:
10.1525/mp.2004.21.4.457
Leman, M. (2000). An auditory model of the role of short-term memory in probe-
tone ratings.Music Percept. 17, 481–509. doi: 10.2307/40285830
Lerdahl, F., and Jackendoff, R. (1983). A Generative Theory of Tonal Music.
Cambridge: MIT Press.
Li, Z. (1999). Contextual influences in V1 as a basis for pop out and asym-
metry in visual search. Proc. Natl. Acad. Sci. U.S.A. 96, 10530–10535. doi:
10.1073/pnas.96.18.10530
Loftus, E. F. (1996). Memory distortion and false memory creation. J. Am. Acad.
Psychiatry Law 24, 281–295.
Loftus, E. F. (2003). Make-believe memories. Am. Psychol. 58, 867. doi:
10.1037/0003-066X.58.11.867
Loftus, E. F. (2005). Planting misinformation in the human mind: a 30-year
investigation of the malleability of memory. Learn. Mem. 12, 361–366. doi:
10.1101/lm.94705
Loftus, E. F., and Pickrell, J. E. (1995). The formation of false memories. Psychiatr.
Ann. 25, 720–725. doi: 10.3928/0048-5713-19951201-07
MacMillan, N. A., and Creelman, C. D. (2005). Detection Theory: A User’s Guide.
2nd Edn. Mahwah, NJ: Lawrence Erlbaum Associates.
Magne, C., Astésano, C., Lacheret-Dujour, A., Morel, M., Alter, K., and
Besson, M. (2005). On-line processing of “pop-out” words in spoken
French dialogues. J. Cogn. Neurosci. 17, 740–756. doi: 10.1162/089892905
3747667
MakeMusic Inc. (2009). Finale [Computer Software]. Eden Prairie, MN:MakeMusic
Inc.
Maljkovic, V., and Nakayama, K. (1994). Priming of pop-out: I. Role of features.
Mem. Cogn. 22, 657–672. doi: 10.3758/BF03209251
Mandler, J. M., and Johnson, N. S. (1977). Remembrance of things parsed: story
structure and recall. Cogn. Psychol. 9, 111–151. doi: 10.1016/0010-0285(77)
90006-8
Margulis, E. H. (2005). Amodel ofmelodic expectation.Music Percept. 22, 663–713.
doi: 10.1525/mp.2005.22.4.663
Margulis, E. H. (2007). Listening ahead: analytic engagements with musi-
cal tendencies. Music Theory Spectr. 29, 197–218. doi: 10.1525/mts.2007.
29.2.197
Marmel, F., and Tillmann, B. (2009). Tonal priming beyond tonics. Music Percept.
26, 211–221. doi: 10.1525/mp.2009.26.3.211
Marmel, F., Tillmann, B., and Delbe, C. (2010). Priming in melody perception:
tracking down the strength of cognitive expectations. J. Exp. Psychol. Hum.
Percept. Perform. 36, 1016–1028. doi: 10.1037/a0018735
Marmel, F., Tillmann, B., and Dowling, W. J. (2008). Tonal expectations influ-
ence pitch perception. Percept. Psychophys. 70, 841–852. doi: 10.3758/PP.
70.5.841
McClelland, J. L., and O’Regan, J. K. (1981). Expectations increase the benefit
derived from parafoveal visual information in reading words aloud. J. Exp.
Psychol. Hum. Percept. Perform. 7, 634–644.
McDermott, K. B., and Roediger, H. L. III. (1998). Attempting to avoid illu-
sory memories: robust false recognition of associates persists under conditions
of explicit warnings and immediate testing. J. Mem. Lang. 39, 508–520. doi:
10.1006/jmla.1998.2582
Meyer, L. B. (1956). Emotion and Meaning in Music. Chicago, IL: University of
Chicago Press.
Mills, C. B. (1980). Effects of the match between listener expectancies and coartic-
ulatory cues on the perception of speech. J. Exp. Psychol. Hum. Percept. Perform.
6, 528. doi: 10.1037/0096-1523.6.3.528
Moler, C. (2004). MATLAB (Version 7.0) [Computer Software]. Natick, MA: The
Mathworks, Inc.
Frontiers in Psychology | Auditory Cognitive Neuroscience June 2014 | Volume 5 | Article 582 | 16
Vuvan et al. Tonality and memory for tones
Mowrer, O. H. (1938). Preparatory set (expectancy)—a determinant in motivation
and learning. Psychol. Rev. 45, 62. doi: 10.1037/h0060829
Murdock, B. B. (1962). The serial position effect of free recall. J. Exp. Psychol. 64,
482. doi: 10.1037/h0045106
Narmour, E. (1989). The “genetic code” of melody: cognitive structures gener-
ated by the implication-realization model. Contemp. Music Rev. 4, 45–63. doi:
10.1080/07494468900640201
Narmour, E. (1990). The Analysis and Cognition of Basic Melodic Structures: The
Implication-realization Model. Chicago, IL: University of Chicago Press.
Narmour, E. (1992). The Analysis and Cognition of Melodic Complexity: The
Implication-realization Model. Chicago, IL: University of Chicago Press.
Neisser, U. (1976). Cognition and Reality. Principles and Implication of Cognitive
Psychology. San Francisco, CA: W.H. Freeman and Company.
Nothdurft, H. (1991). Texture segmentation and pop-out from orientation con-
trast. Vision Res. 31, 1073–1078. doi: 10.1016/0042-6989(91)90211-M
Ockelford, A. (2006). Implication and expectation in music: a zygonic model.
Psychol. Music 34, 81–142. doi: 10.1177/0305735606059106
Ockelford, A., and Sargeant, D. (2012). Musical expectancy in atonal contexts:
musicians’ perception of “antistructure.” Psychol. Music 41, 139–174. doi:
10.1177/0305735612442582
Ohrlin, G. (1973). The Hell-bound Train: A Cowboy Songbook. Urbana, IL:
University of Illinois Press.
Pearce, M. T., and Wiggins, G. A. (2006). Expectation in melody: the influence
of context and learning. Music Percept. 23, 377–405. doi: 10.1525/mp.2006.23.
5.377
Pearce, M. T., and Wiggins, G. A. (2012). Auditory expectation: the information
dynamics of music perception and cognition. Top. Cogn. Sci. 4, 625–652. doi:
10.1111/j.1756-8765.2012.01214.x
Piaget, J., and Walsh, B. (1971). Biology and Knowledge: An Essay on the Relations
Between Organic Regulations and Cognitive Processes. Edinburgh: Edinburgh
University Press.
Plaisier, M. A., Bergmann Tiest, W. M., and Kappers, A. M. (2008). Haptic pop-out
in a hand sweep. Acta Psychol. 128, 368–377. doi: 10.1016/j.actpsy.2008.03.011
Posner, M. I. (1980). Orienting of attention. Q. J. Exp. Psychol. 32, 3–25. doi:
10.1080/00335558008248231
Prince, J. B., and Schmuckler, M. A. (2014). The tonal-metric hierarchy: a corpus
analysis.Music Percept. 31, 254–270. doi: 10.1525/mp.2014.31.3.254
Prinzmetal, W. (1981). Principles of feature integration in visual perception.
Percept. Psychophys. 30, 330–340. doi: 10.3758/BF03206147
Prinzmetal, W., Presti, D. E., and Posner, M. I. (1986). Does attention affect
visual feature integration? J. Exp. Psychol. Hum. Percept. Perform. 12, 361. doi:
10.1037/0096-1523.12.3.361
Purcell, D. G., Stewart, A. L., and Skov, R. B. (1996). It takes a confounded
face to pop out of a crowd. PERCEPTION-LONDON-, 25, 1091–1120. doi:
10.1068/p251091
Quinlan, P. T. (2003). Visual feature integration theory: past, present, and future.
Psychol. Bull. 129, 643. doi: 10.1037/0033-2909.129.5.643
Roediger, H. L. III, Balota, D. A., and Watson, J. M. (2001a). “Spreading activation
and arousal of false memories,” in The Nature of Remembering: Essays in Honor
of Robert G. Crowder, eds H. L. Roediger III, J. S. Nairne, I. Neath, and A. M.
Surprenant (Washington, DC: American Psychological Association) 95–115.
Roediger, H. L. III, andMcDermott, K. B. (1995). Creating false memories: remem-
bering words not presented in lists. J. Exp. Psychol. Learn. Mem. Cogn. 21,
803–814. doi: 10.1037/0278-7393.21.4.803
Roediger, H. L. III, Meade, M. L., and Bergman, E. T. (2001b). Social contagion of
memory. Psychon. Bull. Rev. 8, 365–371. doi: 10.3758/BF03196174
Romaya, J. (2002). Cogent graphics [Computer Software]. London, UK: Wellcome
Laboratory of Neurobiology, University College London
Rothman, A. J., and Hardin, C. D. (1997). Differential use of the availabil-
ity heuristic in social judgment. Pers. Soc. Psychol. Bull. 23, 123–138. doi:
10.1177/0146167297232002
Schacter, D. L., Cendan, D. L., Dodson, C. S., and Clifford, E. R. (2001). Retrieval
conditions and false recognition: testing the distinctiveness heuristic. Psychon.
Bull. Rev. 8, 827–833. doi: 10.3758/BF03196224
Schacter, D. L., Israel, L., and Racine, C. (1999). Suppressing false recognition in
younger and older adults: the distinctiveness heuristic. J. Mem. Lang. 40, 1–24.
doi: 10.1006/jmla.1998.2611
Schacter, D. L., and Wiseman, A. L. (2006). “Reducing memory errors: the
distinctiveness heuristic,” in Distinctiveness and Memory, eds R. R. Hunt
and J. B. Worthen (New York, NY: Oxford University Press), 89–107. doi:
10.1093/acprof:oso/9780195169669.003.0005
Schellenberg, E. G. (1996). Expectancy in melody: tests of the implication-
realization model. Cognition 58, 75–125. doi: 10.1016/0010-0277
(95)00665-6
Schellenberg, E. G. (1997). Simplifying the implication-realization model of
melodic expectancy.Music Percept. 14, 295–318. doi: 10.2307/40285723
Schenker, H. (1954). Harmony (Trans. E. M. Borgese). Cambridge: MIT Press.
Schmuckler, M. A. (1989). Expectation in music: investigation of melodic and
harmonic processes.Music Percept. 7, 109–150. doi: 10.2307/40285454
Schmuckler, M. A. (1990). The performance of global expectations.
Psychomusicology 9, 122–147. doi: 10.1037/h0094151
Schmuckler, M. A. (1997). Expectancy effects in memory for melodies. Can. J.
Psychol. 51, 292–305. doi: 10.1037/1196-1961.51.4.292
Schmuckler, M. A. (2004). “Pitch and pitch structures,” in Ecological
Psychoacoustics, ed J. G. Neuhoff (New York, NY: Academic Press),271–317.
Schmuckler, M. A. (2009). “Components of melodic processing” in The Oxford
Handbook of Music Psychology, eds S. Hallam, I. Cross, and M. Thaut (Oxford:
Oxford University Press), 93–106.
Schmuckler, M. A., and Boltz, M. G. (1994). Harmonic and rhythmic influences
on musical expectancy. Percept. Psychophys. 56, 313–325. doi: 10.3758/BF032
09765
Schmuckler, M. A., and Tomovski, R. (2005). Perceptual tests of an algorithm for
musical key-finding. J. Exp. Psychol. Hum. Percept. Perform. 31, 1124–1149. doi:
10.1037/0096-1523.31.5.1124
Schulze, K., Dowling, W. J., and Tillmann, B. (2012). Working memory for tonal
and atonal sequences during a forward and a backward recognition task. Music
Percept. 29, 255–267. doi: 10.1525/mp.2012.29.3.255
Schwarz, N., Bless, H., Strack, F., Klumpp, G., Rittenauer-Schatka, H., and Simons,
A. (1991). Ease of retrieval as information: another look at the availability
heuristic. J. Pers. Soc. Psychol. 61, 195. doi: 10.1037/0022-3514.61.2.195
Simpson, J., and Huron, D. (1994). Absolute pitch as a learned phenomenon: evi-
dence consistent with the Hick-Hyman Law. Music Percept. 12, 267–270. doi:
10.2307/40285656
Smith, N. A., and Schmuckler, M. A. (2004). The perception of tonal structure
through the differentiation and organization of pitches. J. Exp. Psychol. Hum.
Percept. Perform. 30, 268–286. doi: 10.1037/0096-1523.30.2.268
Sunstein, C. R. (2006). The availability heuristic, intuitive cost-benefit analysis, and
climate change. Clim. Change 77, 195–210. doi: 10.1007/s10584-006-9073-y
Tekman, H. G., and Bharucha, J. J. (1998). Implicit knowledge versus psychoacous-
tic similarity in priming of chords. J. Exp. Psychol. Hum. Percept. Perform. 24,
252–260. doi: 10.1037/0096-1523.24.1.252
Thorpe, M., Ockelford, A., and Aksentijevic, A. (2011). An empirical exploration
of the zygonic model of expectation in music. Psychol. Music 40, 429–470. doi:
10.1177/0305735610392103
Tillmann, B., Bharucha, J. J., and Bigand, E. (2000). Implicit learning of tonality:
a self-organizing approach. Psychol. Rev. 107, 885–913. doi: 10.1037/0033-
295X.107.4.885
Tillmann, B., Bigand, E., and Pineau, M. (1998). Effects of global and local
contexts on harmonic expectancy. Music Percept. 16, 99–117. doi: 10.2307/
40285780
Tillmann, B., Janata, P., Birk, J., and Bharucha, J. J. (2003). The costs and benefits
of tonal centers for chord processing. J. Exp. Psychol. Hum. Percept. Perform. 29,
470–482. doi: 10.1037/0096-1523.29.2.470
Treisman, A. (1982). Perceptual grouping and attention in visual search for features
and for objects. J. Exp. Psychol. Hum. Percept. Perform. 8, 194. doi: 10.1037/0096-
1523.8.2.194
Treisman, A., and Gelade, G. (1980). A feature-integration theory of attention.
Cogn. Psychol. 12, 97–136. doi: 10.1016/0010-0285(80)90005-5
Treisman, A., and Schmidt, H. (1982). Illusory conjunctions in the perception of
objects. Cogn. Psychol. 14, 107–141. doi: 10.1016/0010-0285(82)90006-8
Tversky, A., and Kahneman, D. (1973). Availability: a heuristic for judging
frequency and probability. Cogn. Psychol. 5, 207–232. doi: 10.1016/0010-
0285(73)90033-9
Van der Burg, E., Olivers, C. N., Bronkhorst, A. W., and Theeuwes, J. (2008).
Pip and pop: nonspatial auditory signals improve spatial visual search. J. Exp.
Psychol. Hum. Percept. Perform. 34, 1053. doi: 10.1037/0096-1523.34.5.1053
VanRullen, R. (2006). On second glance: still no high-level pop-out effect for faces.
Vision Res. 46, 3017–3027. doi: 10.1016/j.visres.2005.07.009
www.frontiersin.org June 2014 | Volume 5 | Article 582 | 17
Vuvan et al. Tonality and memory for tones
von Restorff, H. (1933). Über die wirkung von bereichsbildungen im spurenfeld.
Psychol. Res. 18, 299–342. doi: 10.1007/BF02409636
Vuvan, D. T., Prince, J. B., and Schmuckler, M. A. (2011). Probing the minor tonal
hierarchy.Music Percept. 28, 461–472. doi: 10.1525/mp.2011.28.5.461
Vuvan, D. T., and Schmuckler, M. A. (2011). Tonal hierarchy representations in
auditory imagery.Mem. Cogn. 39, 477–490. doi: 10.3758/s13421-010-0032-5
Wang, Q., Cavanagh, P., and Green, M. (1994). Familiarity and pop-out in visual
search. Percept. Psychophys. 56, 495–500. doi: 10.3758/BF03206946
Woods, D. L., Alain, C., Diaz, R., Rhodes, D., and Ogawa, K. H. (2001). Location
and frequency cues in auditory selective attention. J. Exp. Psychol. Hum. Percept.
Perform. 27, 65. doi: 10.1037/0096-1523.27.1.65
Woods, D. L., Alho, K., and Algazi, A. (1994). Stages of auditory feature con-
junction: an event-related brain potential study. J. Exp. Psychol. Hum. Percept.
Perform. 20, 81. doi: 10.1037/0096-1523.20.1.81
Zimmer, H. D., Helstrup, T., and Engelkamp, J. (2000). Pop-out into memory: a
retrieval mechanism that is enhanced with the recall of subject-performed tasks.
J. Exp. Psychol. Learn. Mem. Cogn. 26, 658. doi: 10.1037/0278-7393.26.3.658
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 22 December 2013; accepted: 25 May 2014; published online: 12 June 2014.
Citation: Vuvan DT, Podolak OM and Schmuckler MA (2014) Memory for musical
tones: the impact of tonality and the creation of false memories. Front. Psychol. 5:582.
doi: 10.3389/fpsyg.2014.00582
This article was submitted to Auditory Cognitive Neuroscience, a section of the journal
Frontiers in Psychology.
Copyright © 2014 Vuvan, Podolak and Schmuckler. This is an open-access arti-
cle distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, pro-
vided the original author(s) or licensor are credited and that the original publi-
cation in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Psychology | Auditory Cognitive Neuroscience June 2014 | Volume 5 | Article 582 | 18
